Abstract: The addition of pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, and trifloxystrobin/prothioconazole fungicides to glyphosate reduced disease incidence up to 19% and disease severity up to 4% compared with glyphosate alone. Fungicides evaluated can be safely mixed with glyphosate for corn production, but fungicide use was not associated with increased corn yield.
Introduction
Corn (Zea mays L.) is the third most valuable crop grown in Canada and over 60% of the corn produced in Canada is grown in Ontario (Statistics Canada 2015) . In 2015, producers in Ontario seeded over 830 000 ha of corn and produced nearly 9 million tonnes valued at over CAD$1.6 billion, ranking corn as the top grain crop produced in terms of farm cash receipts in the province (Kulasekera 2017) . Currently, greater than 95% of the corn produced in Ontario is seeded to glyphosate-resistant hybrids. Glyphosate-resistant corn has been widely adopted by farmers across North America due to its wide margin of crop safety, weed control efficacy, simplicity, flexibility of application timing, and increased profitability (Sikkema and Soltani 2007; Duke and Powles 2009) . This technology has also allowed for a greater adoption of notill crop production, which has environmental benefits such as reduced erosion, improved soil structure, increased water infiltration, and greater carbon sequestration (Duke and Powles 2009 ).
In addition to the control of weeds, control of diseases is an important component of profitable corn production. Pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, and trifloxystrobin/ prothioconazole fungicides are registered for disease control in corn production. Application timing of glyphosate for weed control and a fungicide for disease control may coincide and, if co-applied, will reduce application costs including reduced fuel, labor, and machinery costs. Such co-application can also reduce soil compaction and crop damage caused by movement of machinery within the field (Jordan et al. 2003; Lancaster et al. 2005a Lancaster et al. , 2005b .
To our knowledge, there is no published work on the co-application of glyphosate with pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, and trifloxystrobin/prothioconazole fungicides in corn under Ontario environmental conditions. Co-application of glyphosate with commonly used fungicides could provide a single-pass treatment for the control of weeds and diseases in corn production.
The efficacy of agrichemicals can be affected when applied in tank mixtures. The objective of this research was to determine if pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/ propiconazole, azoxystrobin/prothioconazole, and trifloxystrobin/propiconazole fungicides can be safely tank-mixed with glyphosate for corn production.
Materials and Methods
Six field experiments, two each in 2014, 2015, and 2016, were , azoxystrobin/propiconazole (Quilt; Syngenta Canada Inc., Guelph, ON) at 200 g a.i. ha −1 , and trifloxystrobin/prothioconazole (Stratego 250EC; Bayer CropScience, Inc., Calgary, AB) at 185.7 g a. i. ha −1 (Table 1) . Glyphosate and fungicides rates evaluated were within the manufacturer's recommended rates in corn. A non-treated control (i.e., no fungicide or glyphosate) was included in each experiment for comparison. Plots were 3 m wide (four rows spaced 75 cm apart) and 8 m long. Corn 'DKC53-56 RIB' was seeded 5 cm deep at 80 000 seeds ha Corn injury was visually estimated at 7, 14, 21, and 28 d after application (DAA), with 0 indicating no visible damage and 100 indicating complete corn death. Disease incidence and severity were visually estimated at 14, 28, and 56 DAA as percent diseased plants and percent leaf area affected, respectively. The diseases observed in the trials were primarily eyespot [Aureobasidium zeae (Narita & Hirats.) Dingley (synonym: Kabatiella zeae Narita & Hirats.)] and Physoderma brown spot (Physoderma maydis Miyabe), but a single rating was made for combined foliar diseases as reported by Mallowa et al. (2015) . Corn grain yield and moisture content were measured at harvest using a Wintersteiger small plot combine equipped with a Grain Gage weighing system. Corn yields were adjusted to 15.5% seed moisture content.
Data were analyzed using the PROC MIXED in SAS 9.4 (SAS Institute, Inc., Cary, NC). Herbicide-fungicide treatments were considered fixed effects, while site-year environment, treatment × environment, and replicate nested within site-year were considered random effects. The F test was used to test the significance of the fixed effects. Random distribution, independence, and homogeneity of variance of the residuals were checked using residual plots. Treatment comparisons were made using Fisher's protected least significant difference at a level of p = 0.05 and any data compared on the transformed scale were converted back to the original scale for presentation of results.
Results and Discussion
The analysis of variance showing the significance of interactions are shown in Table 1 . Data were pooled and averaged over environments as there was no interaction between environment and treatments for the variables evaluated (Table 2) .
Corn injury
Corn injury 7 DAA was slightly higher for glyphosate plus pyraclostrobin/metconazole or trifloxystrobin/ propiconazole compared with glyphosate applied alone (Table 2 ). However, there was no increase in corn injury with the addition of pyraclostrobin, pyraclostrobin/ 
Disease control
Symptoms for eyespot disease included small round, almost translucent circular lesions that were tan and had purple margins with a larger yellow "halo" effects. Injury symptoms for Physoderma brown spot disease included long elliptical gray-green lesions on leaf sheets. At 14 DAA, disease incidence ranged from 0.5% to 2.2% and there was no difference among the treatments evaluated except trifloxystrobin/propiconazole or trifloxystrobin/prothioconazole plus glyphosate, which had lower disease incidence than the untreated control (Table 2 ). There was no difference in disease severity among the treatments evaluated.
At 28 DAA, the addition of pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, or trifloxystrobin/prothioconazole to glyphosate reduced disease incidence up to 19% and disease severity up to 4% compared with glyphosate alone (Table 2 ). There were no differences among the fungicides evaluated on disease incidence or severity.
At 56 DAA, the addition of pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, or trifloxystrobin/prothioconazole to glyphosate reduced disease incidence up to 15% and disease severity up to 3% compared with glyphosate alone (Table 2) . Glyphosate tank-mixed with pyraclostrobin/fluxapyroxad reduced disease incidence 2.5% greater than glyphosate plus azoxystrobin/propiconazole. There was no difference among the glyphosate and fungicide tank mixtures evaluated on disease severity in corn.
Yield
Corn yield ranged from 11.4 to 11.9 t ha −1 . There was no improvement in corn yield with the addition of pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/ metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, or trifloxystrobin/prothioconazole to glyphosate applied to corn at the V4-V7 stage. This is similar to other studies that have shown that glyphosate applied with fungicides such as pyraclostrobin, azoxystrobin, propiconazole, azoxystrobin/propiconazole, tebuconazole, or trifloxystrobin/propiconazole caused no effect on soybean yield (Soltani et al. 2012) . Other studies have shown no effect of co-application of herbicides with pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, and picoxystrobin fungicides in winter wheat (Soltani et al. 2015) .
Conclusion
The addition of a fungicide to glyphosate caused minimal injury in corn 7 DAA. The injury was transient, with no corn injury at 28 DAA. The addition of pyraclostrobin, pyraclostrobin/fluxapyroxad, pyraclostrobin/metconazole, trifloxystrobin/propiconazole, azoxystrobin/propiconazole, or trifloxystrobin/prothioconazole to glyphosate reduced disease incidence as much as 15% and disease severity as much as 3%. Based on these results, the fungicides evaluated can be safely mixed with glyphosate for corn production, but that fungicide use was not associated with increased corn yield.
